In this study we investigated Isidis Planitia, a 1325 km diameter multi-ring impact basin intersecting the Martian hemispheric dichotomy, located in the eastern hemisphere, between Syrtis Major and Utopia Planitia. From Mars Orbiter Laser Altimeter gridded data we observed that in the center of Isidis the −3700 m and −3800 m isolines strike NW-SE, being quasi-parallel to the diameter of the basin. We interpreted this as evidence that the basement of Isidis Planitia was faulted prior to being completely covered by layers of sediments and volcanic rocks. Plotting the morphometric data of impact craters located on the floor of the basin in a measured depths vs. predicted depths diagram (MPD), we concluded that the fault planes should dip SW, which is consistent with the location of the most topographically depressed sector of Isidis Planitia. We also estimated a minimum vertical displacement of ~1-2 km. Considering that the crust under Isidis Planitia is only a few km thick, our estimate implies brittle behavior of the lithosphere under the basin, suggesting that a low geothermal gradient and rheologically strong material characterize this Martian location.
Introduction
Isidis Planitia occupies the interior of a multi-ringed impact crater [1, 2] located in the eastern hemisphere of Mars along the crustal dichotomy ( Figure 1 ). It is separated from the expanse of the northern hemispheric plains by an elevation saddle beyond which the Utopia Planitia basin is observed to slope S-N by an angle of ~0.036°, which is a global feature of the Martian northern lowlands [3] . Even though the material inside Isidis is geomorphologically part of the northern lowlands, as shown in geological [4, 5] and fractal behavior [6] maps, its floor gently dips SW by an angle of ~0.02° [7] . A flexural model suggests this may be due to a 6 km deflection in Utopia Planitia caused by sediment load generating a peripheral bulge, of which the floor of Isidis Planitia represents the southwestern limb [8] . Combining Mars Global Surveyor (MGS) topography and MGS and Mars Odyssey (MO) gravity data, and applying a flexural model, it was shown that models of the lithospheric structure of Isidis Planitia are constrained by faulting at Nili Fossae to the northwest of the basin and, to a minor extent, at Amenthes Fossae to the southeast [9] . This suggests that a complex tectonic scenario should be included in explanations of Isidis's floor tilt. Geophysical data (e.g., [3, [10] [11] [12] [13] ) have been collected globally on Mars, including over Isidis Planitia, but conclusive evidence of the geotectonic record hidden at depth has not yet been shown. The morphology and topography of an area reflect its surface evolution, overprinted on the attenuated surface expression of deep structures. A high-pass filter applied to the topography of Isidis Planitia [14] allowed the detection of the location and orientation of ridges (interpreted as wrinkle ridges), which had been invisible to earlier surveys, because they were buried under the surface geological units. In this paper we present the results of our analysis of available MGS Mars Orbiter Laser Altimeter (MOLA) elevation data, and apply the measured vs. predicted depths diagram (MPD) technique [15] to the morphometric data of impact craters in Isidis Planitia. From our analysis we infer that the basement of Isidis Planitia is faulted, and suggest the approximate location where we predict the major fault system to exist. After describing the surface geology of the study area (Section 2), we summarize the geophysical techniques employed to study Isidis Planitia to date (Section 3). We then briefly describe our methods for data collection and processing (Section 4), followed by the presentation and discussion of our results (Sections 5 and 6).
Surface Geology of Isidis Planitia
Isidis is a very large basin, 1352 km in diameter [16] , centered at approximately 87° E and 13° N. The latest estimate of the age of formation of this basin [17] is 3.95 Ga (+0.03/−0.04), based on Hartmann chronology [18] , or 3.99 Ga (+0.02/−0.03), based on Neukum chronology [19] . The subsequent long and varied geological history of the region was subdivided [20] into several distinct phases: a Noachian impact-dominated phase, with subordinate volcanic and fluvioglacial activity; a volcanic-dominated episode at ~3.8-3.5 Ga, followed by fluvioglacial processes between 3.5 and 2.8 Ga; an aeolian-dominated phase, lasting to the present. Major resurfacing of the basin occurred during the acme of fluvioglacial activity, between ~3.4 and 3.1 Ga.
Because of the high density of valley networks along the basin southern rim [21] , and its correspondence with two putative paleoshorelines, namely the Arabia and Deuteronilus contacts (e.g., [22] ), Isidis Planitia was selected as the landing site for the Mars Express lander Beagle 2 [23] . New evidence for long-term water-related activity and climatic changes based on recent higher resolution datasets has led to a reappraisal of Isidis Planitia as a site for future landing missions [24] . Morphologies along the Deuteronilus paleoshoreline in south Isidis Planitia suggest that in the Late Hesperian/Early Amazonian a frozen sea existed in the basin, with the ice eventually melting and sublimating, leaving traces of past subglacial erosion and deposition on the floor of Isidis Planitia [25] [26] [27] .
In the geological map [4] of the Martian northern plains based on Viking Orbiter MDIM 2.0, MGS MOLA DEM and Mars Orbiter Camera (MOC) wide and narrow angle imagery, and MO Thermal Emission Imaging System (THEMIS) infrared data, the unit covering the floor of Isidis Planitia is indicated as AIi which, together with the Early to Late Hesperian Syrtis Major Planum unit (HIs) and the Early Hesperian Amenthes Planum unit (HIa), forms the stratigraphy of the Isidis Province. Unit AIi correlates with the Vastitas Borealis formation. The unit consists of plain-forming material combining the characteristics of the Early Amazonian units ABvi (Vastitas Borealis interior unit) and ABvm (Vastitas Borealis marginal unit), that form the thin cover of Utopia Planitia to the north of Isidis. Trough features characterize the unit along its western margin, while the rest of the unit shows ridges of pitted cones interpreted as moraine-like debris [28] . A revision of the ages and extents of the units in Isidis Planitia and surrounding provinces is published in the recent global map of Mars [5] based on MOLA DEM and THEMIS infrared data complemented by higher resolution THEMIS visual and Mars Reconnaissance Orbiter (MRO) Context Camera (CTX) imagery where available, and by auxiliary published geological reconstructions ( [5] , and references therein) based on high resolution data from all recent missions to Mars. The unit covering the floor of Isidis Planitia is identified as Late Hesperian lowland unit lHl (Figure 2) , which is the same covering all of Vastitas Borealis. It is bounded to the north and northwest by the Late Hesperian transition unit lHt, to the east by the Early Hesperian transition unit eHt and a small sliver of Hesperian-Noachian transition unit HNt, and by the Middle Noachian highland unit mNh and massif unit mNhm to the south, while the Early Hesperian volcanic unit eHv bounds it to the southwest. Unit lHl marks the end of large-scale sedimentation in the lowland plains, and comprises deposits of various origin, including highland debris transported by fluvial activity, mass wasting, volcanism, and aeolian activity products. It is underlain by volcanic and volcaniclastic rocks. Similarly to Utopia Planitia, in Isidis Planitia unit lHl was modified by tectonism related to the weight of the deposits, which caused the formation of wrinkle ridges. Moderate tectonic activity continued into the Early Amazonian. The western section of the planitia's floor grades into knobby terrains, likely formed by wasting of the rocks cropping out at Syrtis Major Planum, as well as of Noachian highlands material [29] . The central and eastern sections of the basin appear smoother, and broadly similar to the Amenthes Planum terrains east of Isidis.
Complex impact craters in Isidis Planitia display lobate aprons, likely owing to the fluidization of ground-ice at the time of impact. The simple to complex impact crater transition here was determined to occur at a diameter of approximately ~12 km [30] , much higher than the global Martian transition diameter of ~7 km [31] . This has been interpreted as evidence that the material forming the floor of Isidis basin on which the deep simple craters are observed is rheologically strong [30] , possibly consisting of olivine-rich lava of Noachian and Hesperian age [32] , an interpretation consistent with high values of thermal inertia observed in the southern half of the Isidis crater ( Figure 3 ). Apart from the dichotomy boundary, whose NW-SE trending scarp is interrupted by Isidis Planitia, the most prominent tectonic features in the region are represented by large grabens known as Nili Fossae, located northwest of the Isidis basin rim and broadly striking in a NE-SW direction, and those known as Amenthes Fossae, to Isidis's east. These grabens have been interpreted to be mid-Noachian, younger than the Isidis basin [4] .
Geophysical Research in Isidis Planitia
Early Viking Orbiter 2 geophysical data collected over the large topographic depression in Isidis Planitia indicate this to be the location of a prominent positive gravity anomaly [34] . This was interpreted as a mass concentration (mascon) suggesting an uplift of the crust-mantle boundary resulting from a large impact cratering event. Subsequent observations acquired by the radio science experiment on-board MGS, used to produce a global high-resolution gravitational field model [10, 12] , determined a positive anomaly value of 600 mgal for Isidis Planitia. This is the largest impact-associated gravity anomaly on Mars, surpassed only by the gravity anomalies measured in connection with the major young volcanic provinces (Olympus and Tharsis Montes). Isidis Planitia's positive anomaly is surrounded by a broad negative anomaly annulus, possibly produced by a combination of flexural response of the lithosphere to loads or uncompensated crustal thickening caused by the impact [10] .
Using MGS MOLA and gravity from Doppler tracking, [11] calculated global Bouguer gravity anomalies, interpreting the data assuming the anomalies were caused by thickness variation of a crust of uniform density equal to 2900 km m −3 . The resulting average crustal thickness was 50 km, with the lowest value of 3 km located under Isidis Planitia. Further refinement of gravity models [35, 36] confirmed the large positive anomaly in Isidis Planitia. Based on these models, and assuming a crust-mantle density contrast of 600 kg m −3 , Isidis Planitia's minimum crustal thickness was recalculated to be 5.8 km [37] , most of which (~5 km) possibly formed by post-basin infilling principally by high density volcanic material from Syrtis Major. A corollary of these gravity models is that the impact that formed Isidis basin created a transient cavity intercepting the mantle, which would have then isostatically rebounded.
The floor of Isidis basin slopes southwest at an angle of ~0.02°, in contrast with the global south to north slope of ~0.036°. This indicates that subsequent tectonic evolution took place after the impact basin formation, possibly connected with the Syrtis Major volcanic province to the west [7] , with the presence of a body of water in Isidis, or with sediment load in Utopia Planitia to the northeast. A flexural model of the crust tested these last two scenarios [8] , finding that a 12 km load of sediments in Utopia centered 800 km away from Isidis would result in a peripheral bulge between Utopia and Isidis, causing the observed slope. Subsequently [9] studied the lithospheric structure and tectonics using gravity and topography data for crustal inversion, and then applying a flexural model of the crust, including bending and membrane stresses, to reproduce the tectonic features observed around Isidis. These results imply that the basin fill has densities higher than the crustal density. The layer of sediments covering the basin floor must therefore be relatively thin, above a much thicker sequence of lava flows. The model also constrains the thickness of the elastic lithosphere to be between 100 km and 180 km, and the heat flux to range between 13.6 mW m at the time of loading. Two subsurface sounding radars, the Mars Express Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS; [38] ) and the MRO Shallow Subsurface Radar (SHARAD; [39] ), probed the first few tens to hundreds of meters of Isidis's subsurface. The data did not provide sufficient evidence of density or compositional layering in this region [40] . This could be caused by insufficient vertical resolution of the techniques as they are applied to lithic materials (~50 m for MARSIS and ~5 m for SHARAD), or could be due to a strong attenuation in the subsurface, as would happen in dense volcanic rocks. In the latter case, the maximum possible depth of detection for SHARAD would be of the order of a few hundred meters, while for MARSIS it would increase to several hundred meters [13] , corroborating geophysical models that invoke the presence of dense volcanic rocks at these depths.
Data and Methods
To analyse the topography of Isidis Planitia we used the 128 pixel/degree (463 m/pixel) resolution MGS MOLA Mission Experiment Gridded Data Record (MEGDR) obtained from the Geosciences Node of NASA's Planetary Data System (PDS) archive at Washington University in St. Louis (http://pds-geoscience.wustl.edu/missions/mgs/megdr.html). While we do not discuss geomorphological features in this work, we visually explored the study area using MO THEMIS daytime and nighttime infrared 100 m/pixel resolution data and MRO CTX panchromatic images (resolution: ~6 m/pixel). We mapped and conducted morphometric analysis of the data using the commercial software ArcGIS version 10. (complex). These predicted values of depth were used as proxies of the crater diameters and plotted on the horizontal axis of a Cartesian diagram, with the measured depths (from [41] ) plotted on the vertical axis, following the procedure described in [15] . This measured depths vs. predicted depths diagram is henceforward referred to as MPD. Young (fresh) and older unmodified craters are immediately identified in the MPD by the fact that their data points plot along an approximately 1:1 trend, since their measured depths are close to the theoretical values of depth calculated by the d/D power laws [15] . Data points representative of impact craters that have been modified by geological processes are readily identified in the MPD, because they plot away from the unmodified craters 1:1 trend.
The MOLA shot-point data from which the gridded elevation raster is produced are unevenly distributed latitudinally, meaning that the likelihood of the laser shots missing small craters is especially high at subequatorial latitudes [15] . The smoothing effect of the interpolation producing the MEGDR dataset can distort or even mask smaller morphological features, being particularly pronounced for the 128 pixel/degree digital elevation model (DEM) at sub-equatorial latitudes, where only 31% of the pixels of the DEM contain actual elevation values [43] . In addition, given the dimensions of small craters relative to the nominal along-track footprint spacing of ~300-400 m, the laser signal is unlikely to return exactly from the deepest part of the crater floor or from its rim [44] . The resulting uncertainty of the measurement of elevations of rims and floors of impact craters in the database used [41] , and, hence, the error of the crater depths measured from the MOLA MEGDR dataset, has been quantified to be ±25 m at the Equator [41] .
Results
A total of 148 impact craters located inside of the −3600 m MOLA elevation contour line enclosing the Isidis basin ( Figure 4) were analysed and interpreted. The isoline approximates the inner rim shape of the basin. Further inside Isidis Planitia, the contour lines corresponding to elevations of −3700 m, −3800 m and −3900 m are not concentric to the outer −3600 m isoline. Instead, the −3700 m and −3800 m contour lines run across the center of the basin along a roughly straight NW-SE direction, and mimic the rim of the basin only in its southwestern sector, where all isolines are parallel and close to each other, indicating steep slopes. The −3900 m contour line is fully enveloped by the −3800 m contour, and limited to the SW sector of Isidis Planitia, which is the deepest portion of the basin. We subdivided the impact craters into three groups: those located at higher elevations than −3700 m, in the northeastern sector of the basin (downward triangles in Figure 4) ; those located in a central belt striking NW-SE, between the straight sections of the −3700 m and −3800 m contour lines (triangles in Figure 4) ; and those at the lowest elevations in the southwestern sector (circles in Figure 4 ). The MPD is shown in Figure 5 , where it can be observed that the data points are distributed along two separate trends: the first, comprising the majority of the craters, approximately corresponds to the 1:1 line (dashed line in Figure 5 ), which is the baseline representing fresh impact craters [15] . The craters plotting along this trend have not undergone significant morphological modification since their formation. Craters located in all studied sectors in Isidis Planitia belong to this group. The best fit model for these craters is described by the linear equation: y = 1.129x + 0.0605 (R 2 = 0.7049); slightly steeper than the baseline. This indicates material harder than the average lithologies on which the power laws used to calculate the predicted values are based [15, 45] . The second group, comprising the data points representing 40 impact craters, generally plots along a trend quasi-parallel (almost coincident) to the horizontal axis of the diagram and, with the exception of only four data points (downward triangles), it represents craters in the central (triangles) and southwestern (circles) sectors of Isidis Planitia. This group includes crater 13-000037 [41] , which has a rating of 2 in [41] 's confidence scale for crater identification, meaning a 50% chance that this feature is not an impact crater. We excluded this data point from interpretation noting, however, that the flat MPD trend described by the craters in this group remains. This horizontal trend cannot be reconciled with a process of steady and continuous degradation of the morphologies of the corresponding impact craters, which would be represented by linear trends parallel to the baseline, whose distance from the 1:1 line increases with the period of time that the craters have been exposed to modification (for theoretical explanation see [15] ). Instead, the dramatic displacement of these data points from the baseline indicates that the dimensions of these craters have been modified by a fast geological process occurring mostly in the central and southwestern sectors of Isidis Planitia.
Some of the craters belonging to this group have been discussed in previous studies and defined as "stealth" (e.g., [14, 46, 47] ) or "type 2" craters [48] . Stealth craters are characterized by subdued topographies, with smooth, shallow floors, no ejecta apron and no ridge associated with their rims, and are found scattered all over the northern plains. Stealth craters differ from all other types of Martian impact craters, because their depths are typically <300 m, regardless of their sizes: their dimensions do not conform to any depth/Diameter power law. A number of processes have been proposed to explain the unique morphologic and morphometric characteristics of stealth craters: erosion and deposition due to outflow channel processes; impact into water; glacial obliteration; accelerated sedimentation in water bodies; redistribution of sediments by wind [14] . Flooding by volcanic flows, similarly to the interpretation of lunar ghost craters, has also been proposed [48] , as well as differential compaction of sedimentary covers [47] . Each of these mechanisms focuses on the surface processes producing the peculiar morphologic and morphometric characteristics of the craters. Irrespective of the specific process advocated, the features have always been interpreted as having formed as real impact craters, subsequently modified, eroded and infilled. We therefore interpret the quasi-horizontal alignment of these craters in the MPD as evidence of loss of depth by infilling, with craters once fresh (plotting close to the 1:1 line) quickly filled, so that their measured depths have become almost negligible. In our discussion of these craters (Section 6), we focus on the relationship between their geographic distribution and the topography of the Isidis basin, interpreting this evidence in a tectonic context.
Discussion and Conclusions
In the previous sections we showed that: (1) the −3700 m and −3800 m contour lines are not concentric to the shape of the basin, but follow an almost parallel and linear (to a large degree of approximation) NW-SE direction in the center of Isidis Planitia; (2) the southwestern sector of Isidis Planitia is topographically the most depressed area in the basin (see also [20] ); (3) in the MPD the impact craters plotting along a quasi-horizontal line intercepting the y-axis at a value ~0 are located in the central and southwestern sectors of the basin.
With regards to (1) we observe that straight and parallel contour lines are diagnostic of the topography of fault planes, which typically disrupt existing morphologies. Therefore, even though no fault plane is observable in the imagery, we interpret the approximately straight sections of the −3700 m and −3800 m elevation isolines as fault lines, marking the (subdued) traces of one or more fault systems striking NW-SE. This interpretation is consistent with evidence (2), further indicating that the largest vertical displacement is measured in the southwestern sector of the basin. This, in turn, implies that the putative fault planes dip SW. This faulted basement scenario explains observation (3), because some of the impact craters in the central and southwestern sectors of Isidis Planitia would have been downthrown together with the basement on which they rested, and subsequently would have been infilled almost completely. Most coeval impact craters located NE would have only experienced limited infilling, being located at higher elevations. In the MPD the data points plotting close to the baseline represent a majority of impact craters emplaced after the floor of Isidis Planitia assumed its present topography.
A minimum value of vertical displacement can be estimated by evaluating the degree of infilling of the impact craters plotting parallel to the horizontal axis of the MPD ( Figure 5 ). If we assume that the crater dimensions were uniquely modified by infilling, then depth losses of ~1-2 km can be estimated by the positions of the data points. Assuming that the craters were selectively infilled because of being located in topographic depressions produced by the faulting system, the degree of infilling should provide an estimate of the vertical displacement along the fault planes of ~1-2 km. Normal faults causing these vertical displacements are not unreasonable on Mars, especially given the overall linear extent of the fault system (almost the entire inner diameter of Isidis Planitia, for the −3800 m contour line). The estimated vertical displacement represents the last "measured" value: we cannot exclude (and, in fact, we consider this to be the most likely scenario) that the basement faulting occurred over an extended period of time; hence, older craters laying on the basement would have been totally infilled and their topographic expression completely lost, while younger craters were still forming on the downthrown surface. In both cases, a "measurable" vertical displacement of ~1-2 km indicates that the fault planes reach deep into the lithosphere (e.g., [49] ).
Because the crust in Isidis Planitia is extremely thin, we speculate that our putative fault planes will extend deeply enough to cross the crust-mantle boundary under Isidis Planitia. This implies that the upper mantle at these depths must behave brittlely, which is the case if the lithosphere is capable of sustaining high strain rates, the geothermal gradient is low, or for a combination of both factors. A cold and/or hard lithosphere is consistent with reconstructions of the Isidis impact event completely stripping the crustal material from the impacted site, and subsequent deposition of voluminous and thick layers of high-density volcanic material in the basin cavity [37] . Our data and interpretation do not allow us to speculate further whether the source of the volcanic material was Syrtis Major, although this appears likely, given the proximity of this volcanic province to Isidis Planitia, and particularly to its SW sector. In this case, the tectonic activity associated with the fault system should have started at the latest in the Early Hesperian, which is the age of Syrtis Major volcanics. We are unable at this stage to conclusively determine whether the fault system was in any way related to the volcanic activity, for example by coeval loading of the volcanic construct or of the infilling material. However, given the general NW-SE orientation of Amenthes Planum and its location relative to the −3800 m and −3700 m isolines in Isidis Planitia, we speculate that there may exist a tectonic correlation between the formation of Amenthes Planum and the putative fault system under the present-day floor of the Isidis basin. The nature and extent of this correlation will require further investigation.
Current geotectonic interpretations of the evolution of the Martian eastern hemisphere have been based on visible structures. In relation to the Isidis-Syrtis center of tectonic activity, 2271 compressional structures (ridges), mostly of Hesperian age, and 160 younger extensional structures (grabens) were mapped [50] . The dominance of surface compressional structures in the Martian eastern hemisphere has influenced models of its geotectonic evolution. The identification and interpretation of tectonic structures at depth by a reinterpretation of the geophysical data already available, or by new geophysical surveys of the Martian subsurface might, however, lead to a significant review of current lithospheric models. The approach we presented in this paper could be applied to other regions, and could be useful as a tool to spatially and temporally narrow areas and techniques for future high-resolution geophysical studies.
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